Summary. Blind loops prepared in the small intestines of fasted, MgS04-treated rats were shown to provide a simple, consistent and inexpensive means of studying mucosal colonisation by Vibrio cholerae serogroup 0 1 . When c. 2000 cfu were injected, the number of mucosa-associated V. cholerae in each loop increased by c. 5-6 orders of magnitude in 10-1 4 h, without enterotoxin-induced fluid production. Scanning electronmicroscopy and culture suggested that most surface-associated organisms were present in the adherent surface mucus. V. cholerae strains varied in terms of surface-colonising capacity.
Introduction
Studies in volunteers support the notion that antibacterial mechanisms play a role in immunity to cholera (Levine et al., 1979) . Antibody is presumed to interfere with the mucosal association of Vibrio cholerae. Cell wall lipopolysaccharide, outer-membrane proteins and other antigens have been implicated (Levine et al., 1983) , but the important protective antigens have not yet been clearly defined. The identification of such antigens and the assessment of established and experimental vaccines require the use of in-vivo methods. V. cholerae infections in rabbit ileal loops (Freter, 1964) , infant mice (Ujiiye and Kobari, 1970) and dogs (Curlin et al., 1970) have yielded a wealth of information on pathogenesis and immunity in cholera, but have not been used extensively in studies on actively induced antibacterial immunity (Cray et al., 1983) . Recently, the "RITARD model" (Spira et al., 1981) and an alternative to it (Cray et al., 1983) have been used for studying cholera infection and immunity in adult rabbits. These models can be used to study live oral vaccines (Tokunaga et al., 1984) 
Wales,
preparations that may be only weakly immunogenic when given orally.
Studies in this laboratory showed the rat to be a convenient animal for investigating local and systemic antibacterial antibody responses to intraintestinal injections of live V. cholerae (Cooper and Jackson, 198 1 ; Jackson and Cooper, 198 1 ; Cooper et al., 1984) . It seemed of interest to determine whether these responses were related to immunity. It was first necessary, however, to discover whether the rat could be used to demonstrate active protection against V. cholerae infection. The present paper describes experiments designed to investigate this matter.
Materials and methods

Bacterial st rains
The V. cholerae 0 1 strains used are described in table I. They were preserved in the lyophilised state; stock cultures were maintained on Tryptose Soya Agar (TSA; Oxoid), subcultured each week and discarded after the third passage. Working cultures were grown in Tryptose Soya Broth (TSB; Oxoid) for 4 h at 37°C in a shaking waterbath. The organisms were harvested by centrifugation, resuspended in 0. l M phosphate-buffered saline (PBS; pH 7.2) and diluted in PBS to the required concentration. Standard loop (0-01 ml) dilution and plating on TSA were used to enumerate colony-forming units (cfu) in these suspensions (Schaedler et al., 1965) .
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A riimnls associated V. cholerae was then determined by diluting Adult Wistar strain rats of either sex were used; they werc usually 6C90 days old.
Itrim uti isu t ion
For intra-intestinal (11) immunisation c. lo9 cfu of V . rholtvcze were injected in I-ml volumes of PBS into the jejunum (Robertson and Cooper. 1972) . For intra-Peyer's patch (IPP; Cooper and Turner. 1967) immunisation. cach of four patches in each animal received an injection of 25 111 (loR organisms) of bacterial suspension. The organisms in the suspension were either alive, or killed by heat ( 100 C . 2 h) or by exposure to glutaraldehyde 0.2",, for 2 h.
.4titihotlj~ tneusurmients
Serum vibriocidal antibody titres were determined as described by Cooper and Jackson ( 198 I ) . Lipopolysaccharidc (LPS) and heat-sensitive surface protein (HSSP)
antibodies to strain BRL7738 in the three major immunoglobulin (Ig) classes were detected in intestinal mucus by solid phase ELISA. (Cooper er af.. 1983). Antibody concentrations are expressed either as increases in titre above those found in normal mucus or as increases in ODJ05i'60 min values above normal (Cooper et al., 1984) .
Intestincil loop infection in rats
For 24 h animals were fasted and given a solution of MgS04-7Hr0 lo", instead of drinking water; water but not food was then restored for 4 h. Laparotomy was performed through a mid-line incision under ether anaesthesia and three or four blind loops were constructed in the small intestine. silk thread being used for ligation. The distal loop was prepared 10 cm above the ileo-caecal junction; each loop was 5 cm long and separated from the next by 1 cm. Each loop received 0.2 ml of PBS containing 1000 -8000 cfu of selected spontaneous streptornycinresistant (S') mutants of V . cholerae. In the first experiment (table 1) On some occasions, the number of cfu in the luminal contents (NL) was determined from the formula: NL = N (Lv -0-3). where N =count (cfulml) of lurninal fluid, and Lv=displacement volume (ml) of loop; 0.3 ml was subtracted from the latter figure to account for the volume of the loop tissues, determined by preliminary experiments.
In one experiment, designed to distinguish between mucus-associated and epithelium-attached organisms, the washed loop tissues were placed in 1 ml volumes of a solution containing N-acetyl-L-cysteine (Sigma) 25 mg in 0.05 M PBS adjusted to pH 7.0 with NaOH. The tissues were incubated at 37'C for 30 min to dissolve surfaceassociated mucus. The eluates were collected and the tissues washed in PBS before hornogenising. Viable counts of the tissue homogenates and mucus eluates were then made. Preliminary experiments indicated that the viability of the infecting strain was not affected by the treatment, and the method of Kerss et al. (1982) was used to examine its effects on the adherent surface mucus of the intestinal loops.
Microscopy
Intestinal loops were opened and washed to remove luminal contents. For phase-contrast microscopy, mucus was gently scraped from the epithelial surface with the back of a scalpel blade; the scraping was then placed on a glass slide and "squashed" under a coverslip. For scanning electronmicroscopy the washed tissues were placed in fixative (glutaraldehyde 2.5% in 0.1 M sodium cacodylate at pH 7.4) for 4 h. They were washed again and dehydrated through 500/;, 75"/;;, 90% and loo:/; ethanol, transferred to amyl acetate and dried by the critical point method in liquid CO2. Sections of tissues were mounted on aluminium stubs, sputter-coated with gold. and viewed in a Cambridge Stereoscan S4-10 microscope operated at IOkV.
Results
Beliatliour Uf ' I0 streptom))cin-resistant mutunts of' V.
cliolmw in intestinal loops
The results in table I indicate that some fluid accumulated in all loops; however, when the means were compared by Student's t test, the displacement volumes were similar (p > 0-1) irrespective of whether the loops received injections of mouse virulent organisms, non-virulent organisms, or PBS. 
t Determined as described by Attridge and Rowley (1983) .
$ Means determined from minimum of 16 loops in 4 rats.
11 From ____ NL+ NT 1 where Nc = cfu in challenge dose, NL = cfu in lumen contents,
Nc
and NT=cfu in tissue homogenates.
As the inocula varied (1000-8000 cfu), growth was compared in terms of the increase in numbers of cfu during the 14-h period. All strains grew in the loops and increased by c. 5-6 orders of magnitude. The results given in table I also suggest that strains differed in their capacity to associate with the mucosal surfaces; this capacity was least with the two non-motile strains tested, but did not appear to be related to virulence for infant mice.
Mucosal surfaces of loops samples 4, 8 or 14 h after inoculation with c. 2000 cfu were examined by scanning electronmicroscopy. As shown in fig. 1 , after 4 h few comma-shaped organisms were seen in the mucin network overlying the epithelium and none attached to the epithelium. The number of organisms apparently in contact with the surfaces of the intestine increased during the following 10 h, but most organisms present 8 and 14 h after injection were associated with the overlying mucus.
Location of mucosa-associated V. cholerae Mucus-associated and epithelium-attached organisms Rat intestinal loops received an injection of PBS or c. 2000 cfu of strain BRL7738 (Sr). Mucosal scrapings were examined 14 h later. Mucus from PBS-treated control loops contained fairly small numbers of a morphologically heterogeneous population of bacteria. In contrast, numerous commashaped organisms were present in mucus from V . cholerae-treated loops. In the fluid spaces these organisms showed the characteristic darting motility of V. choterae, but the most striking feature was the large numbers of non-motile organisms aligned in rows along strands of mucin. On occasion, mucin-attached organisms were seen spinning rapidly like tops, suggesting attachment of their polar flagella.
Strain BRL7738 (Sr; c. 2000 cfu) was injected into intestinal loops. The loops were taken 2,4,6, 8 and 14 h later and, after washing, the mucosal surfaces were exposed to the mucolytic agent N-acetyl-Lcysteine to remove the adherent blanket of mucus; microscopical examination (Kerss et al., 1982) confirmed that virtually all of it was removed after treatment for 30 min. Viable counts of the mucus eluates and treated tissue homogenates were compared. Throughout the 14-h period more than 75% of the mucosa-associated organisms appeared to be located in material that was readily dislodged by the mucolytic agent (table 11) . 
L o c d irnmuniscition and association of organisms
ir,itli the. miicosii organisms disappeared from the intestine within 24-48 h of injection (Cooper and Jackson, 1981) . Accordingly, this immunising regimen was used in an experiment to compare the growth of mucosaassociated organisms in loops of normal and immunised rats. In both instances, doses of c. 2000 cfu of the challenge strain were used and immunised LPS and HSSP antibodies to strain BRL7738 appeared in rat intestinal mucus some days after the second of two I1 injections of live 569B organisms given 14 days apart (fig. 2) Time after injection ( h 1 Fig. 3 . Behaviour of mucosa-associated V. cholerae BRL7738 (9) organisms in intestinal loops of control and immunised rats; the latter were challenged 5 days after the second of two I1
immunising doses of V. cholerae 569B given 14 days apart.
Time after injection (days 1 Fig. 2 . Antibody production in adherent intestinal mucus of rats following I1 doses of lo9 cfu of V. cholerae 569B given on days 0 and 14. ELISA was used to detect antibodies in the three major immunoglobulin classes.
animals were challenged 5 days after the second immunising dose, i.e., at the peak of the mucus antibody responses. Fig. 3 indicates that in the loops of normal rats mucosa-associated organisms increased exponentially for c. 10 h and maximum numbers were maintained over a further 2-4 h period. Numbers recovered from normal and immunised rat loop surfaces 2 h after challenge did not differ significantly (p > 0.2 by Student's t test), but subsequently bacterial multiplication was much less in immune than in control animals. After 10-14 h, the differences in mean numbers of mucosaassociated organisms found in the two groups were approximately 100 000-fold. &ffica of' di fe r en t imm unisitig rug imens second dose. Matched groups of normal animals were included and mucosa-associated organisms First. groups of eight rats were given two I1 or were enumerated after 14 h. Similar groups were IPP doses of live organisms of the classical biotype used to determine intestinal mucus antibody constrains 569B (Inaba), 0162 (Ogawa), or NW31 (a centrations induced by the imrnunising regimens. rough mutant of 0162). The injections were separa-The results summarised in tables TI1 and TV demonted by 14 days and the intestinal loops were strate that strain 569B was strongly immunogenic challenged with strain BRL7738 5 days after the and protected against mucosal colonisation when by the IPP route.
from 24 loops prepared in eight rats.
A rough variant of strain 0162. Values determined 5 days after the second of two immunising doses separated by I1 = Intra-intestinal; IPP=intra-Peyer's patch.
* Expressed as increases in titre above those of normal rat intestinal mucus;
t A rough variant of strain 0162.
14 days; eight rats used in each group.
increases of < 4 are not significant and are shown as 0. given by either route. In contrast, the rough strain NW31 given by either route failed to protect, even though significant antibody responses to the HSSP antigens of the challenge strain were found in mucus at the time of challenge; strain NW31 did not evoke LPS or vibriocidal antibody responses. Though the smooth parent of NW3 1 (0 162) elicited Inaba LPS antibody, the responses were lower than in 569B-immunised rats; they were confined to the IgM or IgG classes, depending on the route of immunisation. Strain 0162 did not elicit significant increases of HSSP antibody in mucus. Curiously, although it was poorly protective when given intra-intestinally, by IPP injection it gave an immunity apparently as strong as that induced by strain 569B. In a further experiment the IPP immunisation route was used to compare live 569B organisms and those killed by heat or glutaraldehyde, in terms of their ability to stimulate antibody production and resistance. The IPP route was used because preliminary experiments had indicated that by the I1 route two doses of the killed vaccines were not immunogenic. Animals were challenged, along with matched control groups, at various times after one or two doses of the vaccines; similarly immunised groups were used to determine serum vibriocidal antibody titres and antibody output in intestinal mucus. The results in table V indicate that all three vaccines gave rise to vibriocidal antibodies in serum during the primary response. However, no LPS antibodies were found in intestinal mucus following a single dose of any preparation, but with live organisms a significant increase in HSSP antibodies was recorded on day 14. Secondary vibriocidalantibody responses in serum were highest in rats immunised with live or glutaraldehyde-killed organisms and were still present 6 weeks after the second injection; those induced by the heat-killed organisms were shorter lived. Live organisms were more immunogenic than the killed vaccines in terms of inducing and maintaining LPS and HSSP antibodies in mucus. A single dose of live or glutaraldehyde-killed organisms-but not those killed by heat-stimulated some protection against mucosal colonisation 5-14 days after injection. All three vaccines were strongly protective after two doses; immunity to colonisation developed within 5 days of the second dose but persisted for at least 6 weeks only in rats immunised with live or glutaraldehydekilled organisms.
Discussion
Recent studies suggest that fluid accumulation in rat jejunal loops inoculated with purified toxin (CT) provides a good model of enterotoxin-induced diarrhoea (Lange, 1982) and may be used to investigate antitoxic immunity to cholera (Lange et ul.. 1984) . However. for studies on antibacterial immunity, a model that reflects the organism's capacity to colonise intestinal mucosa may be more appropriate. Though the rabbit ileal loop has been used for this purpose (Freter. 1969) the potential advantages of rats over other laboratory animals (Lange. 1982) encouraged the present studies. Spontaneous fluid secretion, haemorrhage and gangrene. encountered with rat ileal loops by Lange ( 1982) . were largely prevented by ensuring that the loops were well-vascularised and freed of luminal contents by prior fasting and MgSOJ treatment. Results obtained from loops showing punctate haemorrhages or gangrene were discarded, and the complication of CT-induced secretion was avoided by examining the loops within 14 h of infection.
b'. cholrrau grew rapidly in rat ileal loops and large numbers of organisms were found on the mucosal surfaces. As with other models (Yancey et (11.. 1978: Attridge and Rowley, 1983 ) the rat method revealed variation between strains in their ability to colonise the mucosa. a property strikingly associated with motility. With the best colonisers, more than 50"; of organisms in the loops were firmly associated with the mucosal surfaces. In loops of normal animals. mucosa-associated organisms increased exponentially for c. 10 h and maximum numbers were reached within 14 h of infection. However, in rats first immunised by two spaced intestinal doses of live organisms of strain 569B. little increase occurred. It proved possible to compare various irnmunising regimens, and the IPP route of inoculation was useful for comparing vaccines that were too weakly immunogenic to be given by the I1 route.
Protection was not biotype or serotype specific, and the heat resistance of the protective antigens and their absence from a rough strain suggested their LPS nature. The protective activity of LPS has been established by others ( e g , Holmgren and Svennerholm, 1983 ) and the immunity observed in animals inoculated with the heterologous (Ogawa) serotype was most likely due to serological crossreactivity between the Inaba and Ogawa LPS antigens. On current evidence, immunity attributable to the LPS antigens appears to exist only while LPS antibody is detectable in the intestinal mucus by ELISA.
The rough strain NW3 1 stimulated production of HSSP antibodies in intestinal mucus but did not protect. The serologically common (40-44) x lo3-mol. wt outer-membrane proteins of V . cholerae (Cooper et a/., 1983) are therefore unlikely to be concerned in antibacterial immunity. Nonetheless, comparison of the protective capacities of heat-and glutaraldehyde-killed whole organisms suggested that other heat-sensitive antigens may be protective. This was revealed only when LPS antibodies induced by the two vaccines were no longer detectable in intestinal mucus, i.e., 42 days after the second immunising dose. At this time rats given the glutaraldehyde-killed organisms were strongly resistant. Although most unlikely, a rapid response (i.e., within 2 h) to LPS antigen in the challenge inoculum cannot be excluded as the mechanism of immunity in this instance. Alternatively it must be accepted that protective antibodies, if present in the mucus, cannot as yet be identified by serological means.
During the secondary responses to all the immunising materials used in this study, immunity to colonisation was found only in animals possessing serum vibriocidal antibodies at the time of challenge. The relation between these antibodies and immunity to cholera in man has been discussed previously (e.g., Mosley et al., 1968). The results of the present study suggest that the rat model may provide a means of investigating the nature of antibacterial immunity to cholera. 
